Abstract The Simple Biosphere Model (SiB2) and the 2× 2 km resolution National Land use/Land Cover database were used to investigate the effects of Land Use/Cover Change (LUCC) on land surface energy balance and climate in Jilin Province, northeast China, from 1990 to 2005. The spatial patterns of the components of surface energy balance (i.e., net radiation (R n ), latent heat (LH), sensible heat (SH), and albedo (α)) and climate (i.e., canopy temperature (T c ), diurnal temperature range (DTR)), as well as the roles of land cover type in variations of energy balance and climate, were investigated. The results showed that there were general similar trends in R n , LH, SH, and α in the LUCC process. The spatial patterns of T c and DTR also showed consistent relationships with LUCC processes. Leaf area index (LAI) and canopy conductance (g c ) were found to be the key factors in controlling the spatial patterns of the components of surface energy balance and T c . Using linear correlation method, the gaps of the components of surface energy balance were well-explained by the differences of LAI and g c , and R n had a better correlation with T c and DTR, in the process of LUCC. The surface energy partitioning of R n into LH and SH could not only dampen or strengthen the temperature difference, but also change the relative size of albedo-based R n when the albedo gap was small, between land cover types.
Introduction
Land Use/Cover Change (LUCC) influences energy budget and climate by providing different biogeophysical processes, i.e., surface albedo, roughness length, canopy conductance (g c ), for the change of plant height, canopy structure, leaf area index (LAI), fraction of photosynthetically active radiation absorbed by the canopy (FPAR), stomatal character, and root depth. Those biogeophysical processes have tiny modification at global scale (e.g., albedo reduced global mean radiative forcing by −0.2 W m −2 (IPCC 2007)), but play a significant role on energy balance at regional scale. The biogeophysical forcing of LUCC may, in some regions, be of similar magnitude or larger than that of greenhouse gas-induced climate change (e.g., Bonan 2008; Avila et al. 2012; Mahmood et al. 2013) . Avila et al. (2012) also demonstrated that impacts of LUCC on indices of temperature extreme were equal to the impacts of doubling of CO 2 , which pointed out the influence of LUCC on regional climate (e.g., Gao et al. 2003; Lawrence and Chase 2010; Boisier et al. 2012; Wang et al. 2013) . So information on global mean radiative forcing and global mean surface temperature change may be less useful than information on regional climate changes including precipitation (Betts et al. 2007 ). The significant LUCC types include agriculture, forest, and grassland (Mahmood et al. 2013) . Forest usually has lower short-wave albedo than grassland or farmland (Bonan 2002) . Lower albedo, which means more solar radiation trapped by ecosystem, will facilitate the rise of temperature. So temperature reduction caused by deforestation firstly roots in increased albedo. Many studies showed this consistent trends and the associated near-surface cooling as the leading impact of LUCC (e.g., Feddema et al. 2005; Wang et al. 2013 ). The LUCC-induced cooling is directed by increase in albedo, but its amplitude is 30 to 50 % smaller than the one that would be expected from the sole radiative changes (Boisier et al. 2012) . The non-radiative processes, including the energy partitioning into latent and sensible heat and roughness length, are the main reasons. The reclamation of forest into farmland or grassland reduces the surface roughness length, and the consequent reduction in turbulent energy fluxes and increase of surface temperature. The partitioning of net radiation into latent and sensible heat depends on LAI, g c , root distribution, and soil texture (Bonan 2002) . Crops often have larger evaporation rates, if the water supply is sufficient during spring and summer, than forest in temperate climate zone (Baldocchi et al. 1997; Teuling et al. 2009; Boisier et al. 2012) , which reduces surface temperature with albedo. In contrast, crops in lower or higher latitude are not as productive and efficient as in temperate region, which is helpful in increasing surface temperature.
The effects of deforestation on surface temperature in northeast China had been investigated. For example, Gao et al. (2003) , using RegCM2 model and NCAR LUCC data, found increased surface temperature with deforestation in our study area. Lawrence and Chase (2010) , using Community Climate System Model (CCSM) and MODIS LUCC data, revealed that the deforestation in the past reduced the LAI but increased albedo in all four seasons; air temperature was increased in summer and autumn but decreased in winter and spring. Wang et al. (2013) , using WRF model and MODIS LUCC data, also discovered that LAI reduced, albedo increased, and surface temperature decreased in both summer and winter from 2006 to 2011. The cause primarily comes from the influence of radiative process. But they did not elaborate to analyze the impact of nonradiative process, which is important in retarding temperature change. Also, LUCC-driven climate change depends on local conditions such as the underlying surface albedo and soil moisture availability (Betts 2001) , as well as the model and LUCC data used in the simulation.
In this study, we investigated the changes of surface energy partitioning, albedo, LAI, g c , and climate under the influence of LUCC. The linear correlation method was used to estimate the impacts of vegetation on net radiation, sensible heat, latent heat and albedo, and climate as canopy temperature and diurnal temperature range (DTR). The contributions of energy balance components to canopy temperature were also discussed in the article. The experimental design and data are presented in Section 2. Section 3 describes the impacts and mechanisms of LUCC on energy partitioning and temperature changes. Conclusions and discussion are provided in Section 4.
Material and method

Study area
The study area is located in Jilin Province, northeast China, which had undergone rapid transformation among forest, grassland, and farmland in the past three decades (Figs. 1  and 2 ). In the study area, grassland was mainly distributed in the northwest, deciduous forest was in the east, and farmland was widely dispersed but especially concentrated in the center of Jilin. The land cover was changed from grassland to farmland in the northwest, and from forest to grassland and from forest to farmland in the center and east from 1990 to 2005, respectively (Fig. 2) . During 1990-2005, the obvious transformation was forest reclamation into farmland (4468 km 2 ) and grassland into farmland (2920 km 2 ). The area (km 2 ) of conversion was 412 from farmland to grassland, 644 from forest to grassland, 1816 from farmland to forest, and 1204 from grassland to forest.
Model
The Simple Biosphere Model (SiB2) of Sellers et al. (1996a Sellers et al. ( , 1996b was used to assess the effects of change in vegetation (farmland, grassland, forest) on surface energy balance and climate. The model aggregates to a manageable number (9) of vegetation classes, i.e., broad-leaf evergreen trees, broad-leaf deciduous trees, broad-leaf and needle-leaf trees, needle-leaf evergreen trees, needle-leaf deciduous trees, short vegetation, shrubs with bare soil, dwarf trees and shrubs, and agriculture or C3 grasslands. The classification is based on plant energy balance and life form dynamics, as these are the most useful Fig. 1 The study area. Spatial meteorological data with resolution of 2× 2 km was interpolated using meteorological station records by inverse distance weighting method; model-calibration flux data was measured at Tongyu station and Changbaishan station both at the entire 2003 for coupling the land surface with atmospheric chemistry and physics (Potter et al. 1993 ).
The energy partitioning of a terrestrial surface is expressed as follows:
Where α is the surface albedo, S d , L d , and L u are the downward short-wave radiation, downward long-wave radiation, and upward long-wave radiation, respectively. The right side of Eq. (1) represents the partitioning of absorbed radiation by earth surface (R n ) into latent heat (LH), sensible heat (SH), and ground heat flux (G).
Based on plant physiological processes, SiB2 includes a coupled photosynthesis-conductance submodel to simulate the simultaneous exchange of water vapor in and out of the leaf and canopy, and to regulate the partitioning of net radiation into latent and sensible heat flux. The g c could be computed according to Collatz et al. (1991 Collatz et al. ( , 1992 , which combined a photosynthetic model with semi-empirical model for leaf stomatal conductance model. The surface albedo from soil and canopy reflectance is calculated by a two-stream approximation in the visible and near-infrared wavelength intervals (Sellers 1985) . The fluxes of heat and water are computed from the potential differences of temperature and vapor pressure and from aerodynamic resistances that depend on the roughness length (Sellers et al. 1996a) . Therefore, vegetation change affects all components of energy and water balance (Pongratz et al. 2006) . Though SiB2 has been validated in a number of ecosystems such as forest, grassland, and cropland (Yan et al. 2010) , we further checked the simulation ability in energy balance and canopy temperature against site-specific measuring data at Tongyu station for farmland and grassland and at Changbaishan station for deciduous forest (Liu et al. 2014 ). The results suggest that SiB2 can capture well the variations of energy balance and canopy temperature, using parameters listed in Table 1 . These parameters were also used in the simulation at regional scale. The simulated temperature and precipitation were further validated against the sitetemperature and precipitation obtained from the China Meteorological Administration (Fig. 1) , as shown in Section 3.1.
Data
Land cover classifications
The land cover maps used in this study are derived from the 2×2 km resolution National Land use/Land Cover (NLLC) raster databases for two time periods: 1990 and 2005, which are based on the advanced very high resolution radiometer (AVHRR) images and geo-physical datasets (e.g., climate, elevation) (Liu et al. 2002 (Liu et al. , 2009 ). The NLLC classification, including six main land cover types: farmland, forest, grassland, water body, urban and build-up, and unused land, is different from the vegetation classification of SiB2. It is necessary to reclassify the NLLC classification according to the requirement of the SiB2. Since our research focus on the conversion between farmland, forest, and grassland, the classification of agriculture/C3 grassland in SiB2 was separated into two groups with different parameters as shown in Table 1 . The classification of forest in NLLC is represented by the broad-leaf and needle-leaf trees in SiB2 (Zhao et al. 2004) , with modified parameters shown in Table 1 . The other classes, such as water body, urban and build-up, and unused land, were not simulated. The parameters used in SiB2 simulation were validated against site-specific energy balances. The site-specific energy balances used in this study were obtained from Tongyu field observation station (44°25′ N, 122°52′ E, 184 masl) for farmland and grassland, and from Changbaishan station (42°2 4′ N, 128°6′ E, 738 masl) for forest (Fig. 1) . The heights (z1, z2, and zc) needed in SiB2 were obtained from Yan et al. (2010) for farmland and grassland, and from Wang et al. (2004) for forest. To obtain the initial conditions, soil wetness (www (1-3)) for all soil layers were set at 0.6 of soil saturation. Then, the simulation was run 50 times with 2003 forcing data until the soil moisture reached at a seasonally repeating equilibrium state. The conductance-photosynthesis slope parameter (gradm) has important influence on stomatal behavior, and are varying between 3.4 and 10 mol m −2 s −1 with vegetation types (Hanan et al. 2005 (Table 1) ). We calibrated it to improve the simulation accuracy over farmland and grassland. All other parameter values were set using biome-specific values and algorithms provided by Sellers et al. (1996b) .
Vegetation dynamic
Spatial and temporal data of LAI and FPAR were used to represent the time-varying phenological properties of vegetation. LAI data were obtained from the leaf area index product data collection (Liang and Xiao 2012) . FPAR data was derived through the following equation (Sellers et al. 1996b) :
Where V Vegetation cover fraction N Canopy greenness fraction κ Time-mean (radiation-weighted) extinction coefficient for PAR.
Soil and atmospheric data
To assess the sensitivity of surface energy and canopy temperature to land cover changes, all drives other than land cover and vegetation dynamics were identical between simulations. The soil data required by the model were given by one of the seven soil texture types each assigned a set of physical parameters (Sellers et al. 1996b ). The soil texture map is derived from the Food and Agriculture Organization (FAO) at 2×2 km resolution matching the vegetation data. The impact on energy balance and climate is negligible since the soil is kept identical in all simulations.
The atmospheric drivers for SiB2 include downward shortwave radiation, downward long-wave radiation, water vapor pressure, air temperature, wind speed, and precipitation. The 2×2 km resolution data was obtained by interpolating the daily dataset from meteorological stations in the study region with the inverse distance weighting method. Then, the daily record downscaled into hourly data according to Tang et al. (2006) . Downward short-wave radiation was calculated according to Revfeim(1997) and Yang et al. (2001) . Downward long-wave radiation was computed by air temperature and vapor pressure. Water vapor pressure calculation equation can be found in Kimball et al. (1997) . The model used for temperature downscale was Carla Cesaraccio et al. (2001) .
Not only the atmospheric data but also the surface energy balance process was measured at Tongyu field observation station. These data were used to test the interpolation quality and simulation results (Liu et al. 2014 ). The comparison results showed high quality for interpolated temperature and wind speed, and showed worse accuracy for precipitation because of its nonlinear and spatial variation. The calibration and validation test uncovered that this inaccuracy did not alter the annual change trend of the components of surface energy balance, and did change the annual average of simulated R n by −5.1, −8.4, and −3.7 %; of simulated LH by −10.5, −16.3, and −12.3 %; of simulated SH by 6.7, 3.9, and 2.5 %, at farmland, grassland, and forest, respectively.
Experimental designs and method
Canopy temperature change mimicked by model is impacted by both radiative and non-radiative processes. In order to calculate temperature variation caused by the sole change in short-wave radiation (radiative process), the following equation (Boisier et al. 2012) was used:
Where ΔT is the variation of canopy temperature (°C). The surface emissivity (ε) is set to 1.0. A perturbation in S d , L d , LH, SH, or G can be expressed as ΔL u by fixing nonperturbed terms using Eq. (1).
Two experiments were conducted to study the effects of LUCC on surface energy balance and climate. The two experiments were conducted with different land cover data of 1990 and 2005, driving by the same atmospheric forcing from 2001 to 2010, respectively. The comparisons between simulations were conducted at each four seasons (winter, spring, summer, and autumn) based on the 10-year average.
Results
In this section, firstly, we described the changes of the components of surface energy balance and canopy temperature due to the LUCC. Next, we analyzed the regional statistical relationships between the components of surface energy balance, canopy temperature, and LAI, g c , to show the regulation of vegetation. Finally, we decoupled the effects of nonradiative process from radiative process on canopy temperature. . The key factors in controlling the variance were the difference of atmospheric data used in model. Puma et al. (2013) showed meteorological forcing had strong influence on transpiration and evapotranspiration. Our relative importance analysis indicated that radiation and precipitation had important relation with energy balance components; LAI variation in LUCC process regulated the surface energy partitioning. So the spatial variation of atmospheric data determined the asymmetrical pattern of the opposite conversions of land use type, and LAI constrained the change direction of the surface energy balance.
The effects of LUCC on the variations of canopy temperature
The LUCC types also changed the average of canopy temperature (Fig. 4a ) and diurnal temperature range (Fig. 4b) . The conversion from forest to grass increased T c by up to 0.56°C and decreased DTR by −1.9∼0.7°C. The conversion from forest to farm caused the variation ranges of T c and DTR between −0.48∼0.21 and −1.3∼0.4°C, respectively. The variation amplitude of T c and DTR would reach −1.24 and 2.2°C for the conversion from grass to farm. The opposite conversion directions of land use change also resulted in reversed effects on T c and DTR.
The spatial pattern of the influence of LUCC on the components of surface energy balance (Fig. 3) and climate (Fig. 4) demonstrated that LUCC exerted significant but not steady effects on R n , LH, SH, α, T c , and DTR. For example, the conversion from farm to forest not only raised the T c by 0.47°C in some area but also lead to the reduction of −0.26°C in other area. The reasons could be ascribed to the influence of atmospheric forcing and the differences of land use types on vegetation characteristics. We chose LAI in morphological structure and g c in physiological feature to analyze the influence of vegetation on surface energy balance and climate. The contributions of the components of surface energy balance were also displayed. , respectively. These, to some extent, were consistent with the changes of LH and T c . Fig. 4 The spatial pattern of LUCC-induced impacts on canopy temperature (a,°C) and diurnal temperature range (b,°C). Large (small) circle represents a positive (negative) impact
The contribution of vegetation to surface energy balance and climate
The linear correlations between the components of surface energy balance, T c , DTR and LAI, g c were analyzed to show the role of vegetation in regulating surface energy balance and climate. It was shown that LH, α, and T c were especially highly correlated with LAI and g c (R 2 usually greater than 0.5, p<0.001) of all land use types at seasonal scale. LAI and g c also modified the seasonal change patterns of R n , SH, and DTR (data not shown).
The change of LAI and g c explained much of the variations of surface energy balance, but less of T c , and DTR (Table 2) . Under all LUCC scenarios, ΔLH and ΔSH were highly correlated with ΔLAI and Δg c . The results suggested the linear relationship between LAI and LH of all land use types. And LH (SH) was raised (reduced) with the increase of LAI and g c , which means LAI and g c would enhance the partitioning of R n into LH. R n and α had certain relevance with LAI under particular LUCC scenario.
The intercept of fitting equation had special meaning. For instant, ΔLAI=0, the equation of y=1.52x-9.69 between ΔLAI and ΔR n indicated that other factors except LAI resulted in reduction of R n about 9.69 W m −2 under the conversion between forest to grass. But special attention should be paid to the scope of x axis, which controls the variation ranges of variable y. For example, since ΔLAI ranged between −5.9 and −1.4 m 2 m −2 , the variation amplitude of ΔR n should be limited between −18.66 and −11.82 W m −2 . The scope of x was shown in Fig. 5 , ). Large (small) circle represents a positive (negative) impact Table 2 The linear correlations between the gaps of LAI, g c , and the gaps of the components of surface energy balance, T c , and DTR induced by different LUCC scenarios LUCC1 represents the conversion from forest to grass, LUCC2 represents the conversion from forest to farm, and LUCC3 represents the conversion from grass to farm. Fitted equations contained the reverse direction of LUCC1, LUCC2, and LUCC3. The same below and the calculated outcomes coincide with the results in Fig. 3 . The determination coefficients of ΔT c and ΔDTR were usually low (Table 2) . So the differences of T c and DTR cannot be linearly explained by the variation of LAI. The surface energy balance had more explanatory power for ΔDTR as shown in Table 3 . And R n was the better factor than LH and SH in explaining the variation of ΔDTR. But ΔT c still was not well-explained. The reason is that T c is influenced by both radiative and non-radiative processes. These two processes are really important and have opposite effects on T c regulation. So single-reason method cannot well fit the change of T c . We further calculated the contributions of α to T c to illustrate the influence of energy partitioning on climate, using Eqs. (1 and 3) .
3.3 The contribution of energy partitioning to canopy temperature LUCC influenced the surface energy balance. Overall, R n and LH/R n were reduced and α were increased at farm or grass converted from forest (Table 4 ). The conversion from grass to farm could increase R n , LH/R n , and α. Albedo determined the short-wave radiation absorption of ecosystem. The change of R n was in correspondence with the variation of α in most case. But energy partitioning of R n into SH imposed significant impact on emitted long-wave radiation, which can retard or reverse the relationship between ΔR n and Δα. It was clear for the conversion from grass to farm that R n was increased but α also increased. Less R n was partitioned into SH at farm, which means the emitted long-wave radiation was decreased. So the loss of net long-wave radiation was decreased, then R n increased. Energy partitioning made some contribution to R n .
Energy partitioning also had important influences on canopy temperature (Table 4 ). The simulated results of ΔT c were −0.08, −0.35, and −0.59°C for the conversion from forest to grass, from forest to farm, and from grass to farm, respectively. But the gaps should be −2.59, −2.82, and −0.43, respectively, sole considering the differences of α. The energy partitioning greatly modified the interrelations of T c for different LUCC. The difference between ΔT α and ΔT c could be the role of non-radiative process. The non-radiative process partially dampened or strengthened the temperature difference between vegetation types. The decrease of ΔLH/R n in LUCC1 and LUCC2 suggests that forest had larger ability in allocating net radiation into latent heat than grass and farm. Although grass and farm captured less net radiation, most of energy was used to warm air, which raised the canopy temperature. LUCC also impacted the DTR, which with the change of R n .
Discussion and conclusions
In this study, we investigated the different responses to LUCC (between forest, grass, and farm) of canopy temperature and surface energy balance in northeast China's Jilin Province, using a coordinated set of experiments carried out by SiB2. We focused on the spatial patterns of the components of surface energy balance and canopy temperature, and the contributions of land cover type in variations of energy balance and temperature in the LUCC process.
Land cover controls many feedbacks of vegetation to surface energy balance by influencing leaf area index, albedo, surface roughness length, and canopy conductance. Falge et al. (2002) found that the major factors affecting the seasonal course of LH are seasonal changes in LAI and physiological capacity of the plants in terms of stomatal control, and replacing forest with other land cover may change the proportions of energy going into latent and sensible flux because of differences in LAI, aerodynamic roughness, root depth, and stomatal behavior. The observational data had been used to present the importance of LAI, stomatal behavior, and soil moisture in energy partitioning at temperate grassland (Baldocchi et al. 2004; Hammerle et al. 2008; Li et al. 2006) , at deciduous or needle-leaf forest (Barr et al. 2009; Gu et al. 2006) , and at cropland (Iritz and Lindroth 1996; ). Our simulation results showed that LAI and g c had great corresponding relationships with net radiation, latent heat, sensible heat, and albedo in spatial pattern, and these relationships must be linearly as proved by the well explanations of ΔLAI and Δg c on ΔR n , ΔLH, ΔSH, and Δα ( Table 2 ). The key parameters determining the influences of LUCC on climate are LAI, albedo, and root depth (Pielke et al. 2007; Mahmood et al. 2013) . In one GCM simulation using MODIS data, it showed that the surface albedo value for cropland is of major importance in climate simulations of land cover change, and surface albedo effect is the main driving mechanism when the change in surface albedo between agricultural and natural vegetation is substantial (Bonan 2013) . Root depth determines the amount of available water especially in dry season, which controls the transpiration of plant (Bonan 2002) . The impacts of LAI on canopy temperature and diurnal temperature range were clear in our analyses (Figs. 5) . But these affects were not linear relationship (Table 2) . So the linear relationships between ΔT c , ΔDTR, and the components of surface energy balance were further checked to reveal the most relevant factors. The results showed that R n was the better factor than LH and SH in explaining the variations of DTR (Table 3) . When the albedo gap was small, surface energy partitioning even changed the relative size of albedo-based R n between land cover, which is a new discovery.
The deforestation activity resulted in cooling consequence due to albedo effect in our study area (Lawrence and Chase 2010; Wang et al. 2013) . But the albedo-cooling effect could be dampened by 30 to 50 % by non-radiative process (Boisier et al. 2012 ). The calculation results based on Eq. (1 and 2) confirmed this modifying effects (Table 4 ). The obvious transformation was forest reclamation into farmland and grassland into farmland (Fig. 2) . So, the effect of LUCC on temperature was cooling, which coincides with other researcher (Lawrence and Chase 2010; Wang et al. 2013) . Dong et al. (2013) also found that the temperature reduction mainly happened in summer in the central northeastern area.
The observational data showed that DTR ranged between 12.3 and 17.4°C at forest, and 12.8-17.8°C at farm or at grass, respectively (Dai et al. 1999) . Bounoua et al. (2006) found the DTR varies from 13 to 15°C depending on the dominant type. DTR is severely affected by clouds, soil water content, precipitation, and atmospheric water vapor (Dai et al. 1999) . And significant impact of LAI on it was found in SiB2 simulation by Bounoua et al. (2006) . The DTR variation amplitude could be determined by the daily maximum temperature. On global scale, land use changes have induced a significant cooling in warm extremes of daily temperature (Christidis et al. 2013 ). The conversion from Canadian prairies into farmland greatly decreased the maximum temperature and DTR in summer but increased the maximum temperature and DTR in other time .
